Bismuth-substituted yttrium iron garnet (Bi:YIG)-based magnetophotonic crystals (MPCs) with 2D structure were fabricated using autocloning of various patterns. We studied structural properties of these MPCs and evaluated their magneto-optical responses. Enhanced Faraday rotation of the same sign as that for conventional Bi:YIG films and of the opposite sign was observed for 2D patterned Bi:YIG films fabricated on top of opal films.
Introduction
Artificial structures composed of alternating dielectric materials with different refractive indices, known as photonic crystals (PCs), have been shown to manipulate the flow of light. For magnetophotonic crystals (MPCs) -PCs with magnetic constituents, characteristics of light beams can be influenced by the external magnetic field 1) . Enhancements of magneto-optical (MO) responses of magnetic materials introduced into different one-dimensional MPCs are experimentally observed. To our knowledge, however, experimental performances of two-dimensional (2D) MPCs were not demonstrated until now.
In this work we have used autoclonning 2) for fabrication of 2D MPCs made of yttrium iron garnet (YIG) or Bi:YIG. Structural, optical and MO properties of these MPCs were studied. Here we focus only on magneto-optics of opal/Bi:YIG heterostructures and discuss their structural features which influence optical and MO responses. It was found that the opal surface triggered the 2D periodicity of the Bi:YIG layer when sputtering Bi:YIG on top of opal. A diffractional enhancement of Kerr rotation from these heterostructures, which is obviously common feature of all considered MPCs, has been demonstrated.
Experiments
We prepared three different patterned substrates. First of them was a 2D array of platinum (Pt) dots created onto a gallium gadolinium garnet (GGG) substrate. This was made using e-beam lithography (CRESTEC, CABL-2100LBTK) and ion beam milling. The second type was a 1D periodic array of bars of photoresist fabricated by e-beam lithography. For the third pattern, thin opal films fabricated by vertical deposition were used as 2D patterned substrates. These substrates were used for depositing the next structures: YIG film/2D array of Pt dots/GGG substrate, (SiO2/Bi:YIG) n /1D array of photoresist bars/glass substrate, and glass substrate/thin opal film/Bi:YIG film. Sputtering was done using a RF-Dual ion beam sputterer (RF-DIBS, TDY-TA-97-S). To crystallize garnet, each garnet layer was annealed after its deposition in air at 750 °C for 15 min.
The structural, optical and magneto-optical properties of three different types of 2D MPCs were measured using an emission scanning electron microscope (Jeol, JSM-6700), a spectrophotometer (Shimazu, UV-3100PC) and a magneto-optical measurement system (Neoark, BH-M600VIR-FKR-TU).
Results and discussion

YIG film/2D array of Pt dots/GGG substrate
Magnetic structures, where 2D modulation of the dielectric constant occurred due to specific condition for sputtering and crystallization of garnet, were fabricated. Figure 1 shows that their structural properties are governed by the 2D array of Pt dots created onto GGG substrates. These 2D Pt arrays with a lattice constant of 400 nm were covered by 680-nm-thick YIG film, and then annealed. The resultant structures exhibit 2D periodic structure made of Pt and YIG where crystalline phase of YIG was varied with the 2D periodicity. SEM images show that the YIG film had different properties at the YIG/GGG boundary. It is most likely that YIG areas facing Pt dots have an amorphous structure, and that facing GGG crystallize. This separates in space two kinds of YIG in the bulk of the YIG film. SEM images showed that the constituents of this 2D periodic structure were columns separated from each other by sharp interfaces. Optical and magneto-optical of these samples were measured at oblique incidence. The spectra had complicated structure with many bands (and peaks) in the visible originated from diffraction from 2D periodicity of the 2D Pt and YIG gratings. MO responses of the samples in the waveguiding regime will be reported elsewhere. 3.2. (SiO2/Bi:YIG) n multilayers fabricated on top of 1D array of photoresist bars Another representatives of MPCs under our study were autocloned (Bi:YIG/SiO2) n multilayers with a quasi-2D structure. They were fabricated via sputtering onto patterned substrates. 1D periodic arrays of photoresist bars had a lattice constant of 400 nm, the width of bars was 200 nm [see Fig. 2(a) ]. Up to seven pairs of SiO2/Bi:YIG were stacked using RF-DIBS. Thicknesses of layers were 100 nm. SEM image in Fig. 2(b) shows a cross-section of (Bi:YIG/SiO2) 5 multilayer. One can see that the 1D pattern of photoresist bars was transposed into the multilayer, and its structural properties were replicated across and along.
Diffraction experiments and polarization-resolved transmission spectra showed that the light coupling was due to superimposition of three gratings existing in these multilayers. Structural parameters were such that two spectrally neighboring stop bands were observed at normal incidence. Enhancement of Faraday rotation and the large reverse rotation were observed in the spectral range of the stop bands crossing. Detailed studies on observed phenomena will be reported elsewhere.
3.3. Thin opal film/Bi:YIG heterostructure Figure 3 shows an opal/Bi:YIG heterostructure. Colloidal 0.05 wt.% water suspension of monodisperse SiO2 spheres with a diameter of 290 nm was used for depositing opal film. Details of fabrication and optical properties of thin opal film can be found in Ref. 3 . One can see that the 2D hexagonal lattice of the (111) plane was replicated, and the sputtered Bi:YIG had the same symmetry. The thickness of the Bi:YIG layer was 150 nm. Cross-sectional image of an (SiO2/BiYIG) 5 multilayer. The (111) stop band shifted from 570 nm to short wavelengths, and the (111) stop band, which became detectable at the larger angles of incidence, shifted to long wavelengths. These shifts are shown by gray solid lines. An unexpectedly intensive additional band was observed in the spectra; its shift is shown by the gray dashed line. With increase of the angle of incidence, the additional band moved to the wavelength of 725 nm. Angle-dependent spectral shift of this band cannot be matched by the Bragg diffraction condition for the fcc lattice of the constituent opal film. Definitely, there is no any possible diffraction process from the fcc lattice of opals which is the "longer-wavelength" one than the (111) diffraction. Only 2D periodicity of the {111} hexagonal layers may provide such diffraction processes 5) resulting in the observed band. Angle-dependent spectral shifts of the observed bands in spectra of the sample are plotted in Fig. 4(b) . Spectral shifts of the {111} stop bands are fitted well by Bragg's law (shown by solid lines) taking into account refraction at the film surface 6) . Spectral position of the band corresponding to the patterned Bi:YIG layer is shown by squares (the dashed line guided to the eye). Figure 5 presents an MO response of the opal/Bi:YIG heterostructure measured in the Kerr geometry. Angle of light incidence and the detection angle were 7º. Polarization rotation spectrum (line 1) together with the reflectance (line 2) from the opal/Bi:YIG heterostructure is demonstrated in Fig. 5 . Reflection peak at λ = 595 nm was due to diffraction from the (111) planes of the opal film. MO response from the heterostructure in the vicinity of the reflection peak deviated from that of the reference Bi:YIG film. This result shows that the diffracted from non-magnetic opal light suppresses the MO response from the heterostructure. The opal/Bi:YIG heterostructure exhibited a specific regime where the angle of polarization rotation (θK) reversed sign and changed from +1.6º to -1.6º in a narrow spectral range of 20 nm (480-500 nm). It is worth mentioning that the spectrum of ellipticity shows noticeable peaks in this range but the maximal ellipticity was less than 2 degrees. Also, for λ = 480 nm (and λ = 500 nm) corresponding to the maxima of polarization rotation, the ellipticity was about 0. Note that the polarization rotation in the single Bi:YIG film was less than +0.47º for λ = 500 nm. We observed that the maximum θK were accompanied with a band (with the minimum at λ ≈ 490 nm) in the specular reflection spectrum. That is this band, λ = 480-520 nm, corresponds to diffraction from the 2D patterned Bi:YIG layer [see the shift of this band in Fig.  4(a), dashed line] . Thus, one can conclude that resonant light coupling to the patterned Bi:YIG layer results in longer optical paths for rays emerging from the layerthis stands for enhancement, and in a nontrivial interference between these rays providing both the change of the sign of polarization rotation and also contributing to the enhancement.
Conclusion
Sputtering garnet on top of patterned substrates allowed fabrication of different 2D MPCs. Structural parameters of these samples were evaluated. For the opal/Bi:YIG heterostructures, transformations of the MO response of Bi:YIG was demonstrated. Being sputtered on top of the opal film, the Bi:YIG layer transposed the shape and the 2D symmetry of the opal surface. These patterned Bi:YIG layers were shown to diffract light; the corresponding bands were seen in transmission and reflection spectra. For light from a narrow spectral range associated with this diffraction, the large enhancement of Kerr rotation was observed together with the change of the sign of rotation.
